Previous studies have reported that infection of monocytes by viruses such as cytomegalovirus and human immunodeficiency virus weakens host natural immunity. In the present study, we demonstrated the capability of Epstein-Barr virus (EBV) to infect and replicate in freshly isolated human monocytes. Using electron microscopy analysis, we observed the presence of EBV virions in the cytoplasm and nuclei of approximately 20% of monocytes. This was confirmed by Southern blot analysis of EBV genomic DNA sequences in isolated nuclei from monocytes. Infection of monocytes by EBV leads to the activation of the replicative cycle. This was supported by the detection of immediate-early lytic mRNA BZLF-1 transcripts, and by the presence of two early lytic transcripts (BALF-2, which appears to function in DNA replication, and BHRF-1, also associated with the replicative cycle). The late lytic BcLF-1 transcripts, which code for the major nucleocapsid protein, were also detected, as well as EBNA-1 transcripts. However, attempts to detect EBNA-2 transcripts have yielded negative results. Viral replication was also confirmed by the release of newly synthesized infectious viral particles in supernatants of EBV-infected monocytes. EBV-infected monocytes were found to have significantly reduced phagocytic activity, as evaluated by the quantification of ingested carboxylated fluoresceinated latex beads. Taken together, our results suggest that EBV infection of monocytes and alteration of their biological functions might represent a new mechanism to disrupt the immune response and promote viral propagation during the early stages of infection.
Epstein-Barr virus (EBV), a member of the
Herpesviridae family, has long demonstrated its capabilities to adapt and evade host defense mechanisms. While it was mainly believed that EBV infects only B cells and epithelial cells of the oropharynx, there is growing evidence that EBV targeted cells are broader than initially believed. In fact, recent studies have demonstrated that EBV can infect thymocytes, as revealed by the detection of BZLF-1 and EBV nuclear antigen (EBNA)-1 transcripts (26) . The presence of EBV genome was detected in T lymphocytes and in natural killer cells (21, 24) . EBV-infected fibroblasts obtained from the synovial tissue of a rheumatoid arthritis patient were also found to express EBNA-1, EBNA-2, and latent membrane protein 1 (LMP-1) and to spontaneously transform in vitro (29) . The presence of EBV genome is also frequently detected in Reed-Sternberg cells found in Hodgkin's disease patients (11) . More recently, it was reported that EBV infects human neutrophils in vitro through a CD21 receptorindependent pathway and that such an infection leads to premature cell death by apoptosis (5, 32) . The clinical relevance of this study pertains to the observation that neutrophils from infectious mononucleosis patients harbor EBV genome (32) .
Mononuclear phagocytes play an active role in the defense of the organism against viral invasion. Rapid recruitment of monocytes/macrophages at the site of infection provides an immediate immune response to limit the spread of the virus during the early stages of infection. Direct elimination of infectious pathogens by monocytes/macrophages mostly occurs by phagocytosis and the generation of degradative enzymes and reactive oxygen metabolites (31) . Monocytic cells also contribute to the generation of a specific antiviral immune response by acting as antigen-presenting cells to activate cytotoxic and humoral responses. Impairment in one of these monocytic functions could allow viral agents to evade immune response.
Human immunodeficiency virus type 1 (HIV-1) best illustrates this situation, since several defective monocytic functions such as alteration of cell surface antigen expression, abnormal cytokines synthesis, and impaired accessory cell function were reported as a result of HIV-1 infection of monocytes/macrophages (41, 53) . Influenza A virus, which is known to infect human mononuclear phagocytes, selectively induces monocyte-attracting chemokine (46) , such as macrophage inflammatory protein 1␣ and monocyte chemotactic protein 1. In this case, the resulting influx of monocytic cells in infected tissue may therefore represent a viral strategy to recruit new target cells. It was also demonstrated that hepatitis C virus infects peripheral blood monocytes and suppresses secretion of tumor necrosis factor alpha (TNF-␣) and interleukin-1␤ (IL-1␤), two important proinflammatory cytokines playing active roles in the regulation of the immune response (37) .
Little is known about the interactions of EBV with human monocytes. First, it was reported that EBV specifically binds to monocytes through a receptor distinct from CD21 (19) . Second, such interactions were also found to result in the modulation of cytokine gene expression, e.g., induction of IL-1 and IL-6 production (18) and suppression of the synthesis of TNF-␣, a pleiotropic cytokine exhibiting antiviral activity (19) . Finally, interactions of EBV with monocytes upregulate the formation of important lipid mediators of inflammation, such as leukotrienes, by a mechanism involving the glycoprotein gp350 of the viral envelope (16) .
In the present study, we demonstrate that EBV infects and replicates in human monocytes, a process which is accompanied by the suppression of phagocytosis by these cells. This suppressive effects caused by EBV may represent another EBV-infected monocytes was heated for 5 min at 72°C in the presence of random hexamers, rapidly cooled on ice, and then reverse transcribed to cDNA with 200 U of Moloney murine leukemia virus RT (Promega) in a 25-l volume containing 0.5 mM dNTPs and 20 U of RNase inhibitor (Boehringer Mannheim, Laval, Quebec, Canada). After 60 min of incubation at 42°C, samples were boiled for 5 min at 94°C, and 5 l of cDNA samples was subjected to PCR amplification in 50 l of PCR mixture containing 0.2 mM of the appropriate primers (listed in Table 1 ), 0.2 mM dNTPs, 2.5 U of Taq polymerase, and 1.7 mM MgCl 2 . PCR amplification conditions were as described above, and PCR products were separated by electrophoresis on a 2% agarose gel, transferred onto a Hybond-N nylon membrane, and hybridized with ␥-32 P-5Ј-end-labeled internal oligonucleotide probes detailed in Table 1 . PCR amplification of the GAPDH transcripts was also used as an internal control. To ensure the absence of contaminating genomic DNA, RNA samples were directly amplified under the PCR conditions described above.
Production of EBV particles by human monocytes. Production of infectious EBV particles from enriched monocytes was performed by infecting 2 ϫ 10 7 cells with EBV (4 ϫ 10 5 transforming units) as described above and kept in culture (75-cm 2 flask) for 14 days. The YAC-1 cell line, which is nonpermissive to EBV infection, was used as a mock control. After the appropriate time of culture, cell supernatants containing EBV particles were harvested, and viral particles were purified by ultracentrifugation (25,000 ϫg for 3 h at 4°C). Pelleted monocytes were also submitted to freeze-thaw cycles in order to liberate intracellular viral particles. Virus and mock preparations were resuspended in RPMI-1640 and used to infect permissive BJAB cells. The presence of EBNA in BJAB cells was monitored for 4 to 6 days postinfection by indirect immunofluorescence using EBV-positive reference antisera (38) .
Phagocytosis assay. The phagocytic activity of EBV-infected and uninfected purified monocytes was assessed by flow cytometry with carboxylated fluoresceinated microspheres, essentially as described previously (2, 9, 34, 47) . For all experiments, 5 ϫ 10 5 cells were first washed with 1 ml of phosphate-buffered saline (pH 7.4) and resuspended in 350 l of HBSS supplemented with 5% fetal calf serum in which 6 ϫ 10 6 carboxylated fluoresceinated microspheres (1.87 m; Fluoresbrite, Polysciences, Warrington, Pa.) were added to give a ratio of 12 beads/cell. The fluorescent microspheres were examined both microscopically and by flow cytometry to insure that there was no agglomeration and membrane adsorption prior to use in uptake experiments. The phagocytosis proceeded at 37°C for 2 h with constant shaking (150 rpm). After the incubation, the mixture was centrifuged at 4°C (1,000 ϫ g for 3 min) and washed twice with 1 ml of cold phosphate-buffered saline to separate cells from nonphagocytized microspheres. Cells were fixed in 500 l of 0.5% paraformaldehyde, and 10 4 cells were analyzed with an EPICS-XL flow cytometer (Coulter Electronics) at an excitation setting of 488 nm and emission setting of 540 nm. Since the microspheres are smaller in diameter than the monocytes, they can be easily discriminated by light scatter. The percentage of fluorescence-positive monocytes was determined by calculating the number of monocytes containing fluorescent beads per 10 4 cells analyzed ϫ 100. The fluorescence distribution was displayed in a histogram where each peak corresponded to a definite number of microspheres associated per cell. To confirm the results obtained by flow cytometry, each sample was also examined microscopically.
RESULTS
Detection of EBV particles in human monocytes. We have previously reported that EBV binds to monocytes, exerts modulatory effects on inflammatory cytokine gene expression (18, 19) , and primes monocytes for an increased synthesis of leukotrienes after stimulation with a second agonist (16) . In the present study, our objectives were to determine if EBV could penetrate into freshly isolated monocytes and if viral transformation and/or replication would occur. First, we evaluated the presence of EBV particles in monocyte preparations by electron microscopy. Monocytes were incubated with viral particles for 45 min at 37°C and then processed for ultrathin sectioning and examination. As shown in Fig. 1 , nucleocapsids of EBV were observed in the cytoplasm and nuclei of approximately 20% of monocytes, suggesting that EBV can indeed penetrate such cells in a phagocytosis-independent manner. EBV nucleocapsids observed were identical to those seen in the cytoplasm of B95-8 cells.
Detection of EBV genome in nuclei of monocytes. To further confirm the presence of EBV in monocytes, we next attempted to detect EBV DNA by PCR amplification of a fragment located within the BamHI W region of the EBV genome (3). In order to prevent viral internalization by phagocytosis, we first pretreated monocytes with cytochalasin B, an inhibitor of phagocytosis prior to EBV infection, and at different periods of time postinfection, we next extracted viral DNA from isolated nuclei with an equal amount of DNA (1 g). The presence of EBV genome could be detected at 5 h postinfection and increased from 20 to 40 h postinfection, suggesting that the EBV replicative cycle was initiated ( Fig. 2A) . The identity of the amplified PCR products was demonstrated by hybridization with an EBV-specific BamHI W probe (data not shown). As controls, nuclei from EBV-and cytochalasin B-treated p815 cells (a cell line capable of phagocytosis) were isolated and submitted to PCR amplification. No EBV DNA could be amplified from such cells (data not shown).
The presence of EBV DNA in infected monocytes was further confirmed by Southern blot analysis of genomic DNA isolated at indicated times postinfection with the 400-bp PCR fragment contained in the BamHI-W internal repeat region as a probe (Fig. 2B) . As with the PCR results ( Fig. 2A) , the 3-kb BamHI-W signal was detectable at 20 and 40 h postinfection, thereby confirming the presence of viral DNA in monocytes. The decrease in the signal intensity is likely due to the low sensitivity of the Southern blot technique compared to that of PCR. Importantly, the presence of EBV genome was not detected in YAC-1 control cells treated under the same experimental conditions as monocytes.
Detection of immediate-early and early lytic transcripts in EBV-infected monocytes. EBV infection may result in the production and release of new virions or may lead to the immortalization and/or transformation of B lymphocytes. As EBV genome was clearly detected in monocytes and as no signs of cellular transformation were observed, we decided to evaluate the presence of specific viral mRNA transcripts associated with the replicative cycle of EBV by RT-PCR analysis. We first looked for the presence of three mRNAs: the BZLF-1 transcript, which is a key immediate-early transactivator of early EBV lytic gene expression, and two early replicative cycle transcripts, BALF-2 and BHRF-1. Monocytes were infected with EBV, and total RNA was extracted at indicated times and submitted to RT-PCR analysis. As shown in Fig. 3A , BZLF-1 transcripts were detectable as early as 2 h postinfection, reached a maximum at 20 h, and declined thereafter. Two other transcripts, BALF-2 ( Fig. 3B ) and BHRF-1 (Fig. 3C) , were detected at 5 h postinfection and also reached a maximum at 20 h. However, the presence of the early antigen (EA) protein could not be detected by immunofluorescence. Taken together, these results suggest that the EBV replicative cycle is initiated in infected monocytes.
Detection of EBNA-1 and late lytic transcripts in EBV-infected monocytes. Although EBNA proteins are known to have DNA-binding activity, EBNA-1 and EBNA-2 have very different biological properties. In fact, EBNA-1 is associated with episome persistence, acts as a transactivator of latent genes, activates initiation of DNA replication, and has no effect on tumor cell growth (14, 15, 35, 49) . In contrast, EBNA-2 is directly involved in cellular transformation (39, 45, 52) . In EBV-infected monocytes, only EBNA-1 transcripts were detected (Fig. 4A ) while EBNA-2 transcripts were found to be absent even after 14 days of infection. The presence of EBNA protein was also detected (Ͻ5%) in EBV-infected monocytes by immunofluorescence. This is in perfect agreement with the fact that no signs of monocyte transformation were observed following EBV infection.
During the replicative cycle, the activation of EBV late lytic genes is also initiated. These genes code mostly for structural viral proteins or for proteins that modify the phenotype of infected cells. Among the late genes, the major nucleocapsid protein is encoded by BcLF-1. The presence of BcLF-1 transcripts was evaluated at different times post-EBV infection. As seen in Fig. 4B , these late transcripts were detected after 20 h of infection and were found to increase by 40 h postinfection. As controls, monocytes treated with the viral DNA polymerase inhibitor PAA were tested for BcLF-1 expression. As expected (Fig. 4B) , no BcLF-1 transcripts could be detected in PAAtreated cells. However, the presence of viral capsid antigen (VCA) protein could not be detected by immunofluorescence even after 2 weeks of culture. On the other hand, flow cytometry with anti-gp350 72A1 monoclonal antibodies showed that approximately 1% of EBV-infected monocytes expressed EBV glycoprotein gp350 after 14 days of infection (data not shown), suggesting that some monocytes are fully permissive to EBV infection and replication. EBV glycoprotein gp350 is found on the viral envelope and on the cellular membrane of lytically infected cells (40) . The results reported above strongly suggest that EBV replicates in human monocytes. To further confirm this observation, we performed an additional experiment. Monocytes were infected with EBV and cultured for 14 days to allow viral replication. The YAC-1 mouse cell line, which is not permissive to EBV infection, was also treated with the same culture conditions and used as mock preparation. Cell supernatants were then harvested, and viral particles were isolated by ultracentrifugation. EBV and mock preparations were then used to infect BJAB cells, and after 4 days of culture, the presence of EBNA was evaluated by immunofluorescence. The presence of EBNA-positive cells (Ϸ7%) was only detected in BJAB cell cultures treated with viral preparation produced in monocytes.
Effect of EBV on phagocytic activity of monocytes. In addition to producing soluble immunoregulatory molecules, monocytes play an active role in the phagocytosis of foreign organisms, which is a crucial step towards the presentation of particulate antigens in the context of major histocompatibility complex class II. Thus, to investigate further the immunosuppressive effects caused by EBV, we tested if the phagocytic activity of monocytes was altered by infection with EBV. The phagocytic activity was evaluated by measuring the uptake of fluoresceinated beads by flow cytometry as described in Materials and Methods. This simple, but highly sensitive, method was used to determine both the percentage of cells with phagocytic activity (fluorescence-positive cells) and the average number of beads associated with each positive cell. Figure 5A shows a kinetic analysis demonstrating that EBV-infected monocytes have a reduced capacity to phagocytose fluorescent beads at 24, 48, and 72 h postinfection with reductions of 40, 52, and 73%, respectively. An average reduction of 50% in phagocytic activity was routinely observed with monocytes isolated from different healthy donors, and the effect was observed for up to 6 days postinfection, after which time both cell viability and their phagocytic ability declined rapidly. Representative histograms obtained with uninfected and EBV-infected monocytes are shown in Fig. 5B and C, respectively. The suppressive effect of EBV on phagocytic activity was seen at all fluorescence levels, each peak corresponding to a definite number of associated fluorescent microspheres. In this particular example, there was a 36, 55, 66, 80, or 77% reduction in fluorescent positive cells associated with 1, 2, 3, 4, or more than 5 beads, respectively (similar results were obtained with a different donor). The probability of coincidence of free beads with cells as they pass through the flow cytometer was kept at a minimum by following these two conditions: (i) a low ratio of beads/cell (12 beads/cells) was used for the assay, and (ii) several washings were performed following the incubation period to remove any nonphagocytosed beads (2). The suppressive effect of EBV was confirmed by another phagocytosis 
DISCUSSION
Despite the fact that monocytes/macrophages constitute the key elements in nonspecific and specific immune defenses against viral infection, very little is known about the interactions of EBV with these cell types. In the present study, we clearly demonstrated that EBV penetrates and replicates in monocytes. First, by using electron microscopy, nucleocapsids of EBV were observed in the cytoplasm and nuclei of monocytes. Second, the presence of EBV genome in nuclei from cytochalasin B (an inhibitor of phagocytosis)-treated monocytes is also of interest. These results indicate that following viral adsorption, EBV penetrates into monocytes without being phagocytosed. Since CD21 receptor is not expressed on monocytes, these results reinforce our previous observations suggesting that EBV recognizes on monocytes a molecule distinct from this receptor.
It is well known that EBV penetration into human B lymphocytes results in latent or lytic infection in vivo or in cellular transformation in vitro. The fact that no signs of cellular transformation were observed in EBV-enriched monocyte cultures suggests that viral replication may occur. This is in perfect agreement with the presence of immediate-early (BZLF-1) and early lytic (BALF-2 and BHRF-1) transcripts. BZLF-1 transcripts appeared within 2 h after viral infection to reach a Table 1 ). The size of the amplified fragments was 182 bp for BZLF-1 (A), 285 bp for BALF-2 (B), and 211 bp for BHRF-1 (C). PCR products were hybridized by Southern blot analysis using specific probes. GAPDH cDNA was used as an internal control. Tetradecanoyl phorbol acetatetreated B95-8 cells were used as positive controls, and noninfected monocytes were used as negative controls. The results presented are from one experiment and are representative of three separate experiments. maximal level at 20 h postinfection and declined thereafter. Expression of BZLF-1 is transient and encodes the key immediate-early Zebra protein essential to activate the lytic cycle. This is in perfect agreement with other studies with EBVinfected Burkitt's lymphoma tumor cells (Akata cells) in which the lytic cycle was induced with anti-immunoglobulin M treatment and a transient expression of BZLF-1 was observed (50) . Later in the lytic cycle, the BALF-2 gene, which encodes for a major DNA-binding protein involved in viral DNA replication, and the BHRF-1 gene, which encodes for an early protein virtually absent in latently infected B lymphocytes, were also detected 5 h postinfection (for a review, see reference 28).
Another interesting result supporting our findings that EBV replicates in human monocytes is the successful detection of late lytic BcLF-1 transcripts which encode for the major nucleocapsid protein and the detection of gp350 expressed on the surface membranes of infected monocytes. These genes are expressed later in the replicative cycle and therefore after the activation of EBV DNA polymerase. This was nicely supported by results from the treatment of monocytes with PAA, an inhibitor of viral DNA polymerase, prior to EBV infection. In PAA-treated cultures, BcLF-1 transcripts were not detected, supporting the idea that EBV initiates a complete lytic cycle in monocytes. While only 1% of EBV-infected monocytes were found to express gp350, we believe that this percentage underestimates the reality. Two main reasons may explain this result: first, viral replication may not occur simultaneously in all EBV- infected monocytes, and second, in contrast to B lymphocytes which express large amount of gp350, infected monocytes could weakly express gp350 on their cellular membrane, thus making it hard to detect gp350 by flow cytometric analysis. The fact that gp350 was never detected in PAA-treated EBV-infected monocytes at any time during the experimental procedures reinforces the validity of the results obtained. Another interesting result is the presence of EBNA-1 transcripts in EBV-infected monocytes. EBNA-1 is known to bind to the oriP domain to initiate viral DNA replication or to govern the EBV episomes in infected cells (14, 15, 35, 49) . The absence of EBNA-2 also reinforces the fact that a lytic cycle is activated in EBV-infected monocytes. EBNA-2 is required for the initiation of cell transformation, is readily detectable in the first 24 h of B-cell infection, and reaches maximal levels before EBNA-1 can be detected (1, 22, 32, 42) . While EBNA-1 transcripts are present, EBNA-2 transcripts were never detected in EBV-infected monocytes, nor was cellular transformation observed. In addition, LMP-1 and -2 transcripts, or protein expression, also associated with latent infection, were not detected by RT-PCR, flow cytometry, or immunoblotting analysis (data not shown). These results, together with the production and the isolation of infectious viral particles from EBV-infected monocytes, clearly confirm that EBV infects and replicates in human monocytes.
EBV has developed strategies to escape elimination by the immune system, such as induction of latency, capture of host genes, or inhibition of proinflammatory cytokines. One of the main function of monocytes is their ability to internalize foreign organisms. We show here that EBV-infected monocytes are significantly impaired in their ability to phagocytose. The suppressive effect of EBV was observed as early as 24 h postinfection, at which time a decrease of at least 40% in phagocytic activity was noted. In contrast, at 2 h postinfection, monocytes were not functionally compromised in their ability to phagocytose, suggesting that viral genes expressed at later stages of the infection are necessary to cause a defect in phagocytosis. Such impairment of the phagocytosis machinery is expected to be advantageous for the viral outcome. First, it may directly favor the spread of the virus, since phagocytosis is involved in the elimination of foreign organisms. Second, a downregulation of the phagocytic process is likely to interfere with the antigen-presenting capacity of monocytes, which in turn will affect the immune response of the effector T cells. Concomitant alterations of both phagocytosis and antigen-presenting processes have already been reported with monocytes infected with HIV or bovine respiratory syncytial virus (4, 6, 7, 25) . In addition, human herpesviruses, including cytomegalovirus, human herpesvirus 6, and human herpesvirus 8, have been shown to infect primary human monocytes/macrophages.
The mechanisms by which EBV affects phagocytosis remain to be elucidated. Possible alterations in the expression of Fc␥ and complement receptors, as demonstrated for HIV-1 (27) , are currently being investigated. Perhaps deregulation of tyrosine activation motif-mediated phagocytosis by Fc␥ receptors is a potential means by which EBV could disrupt phagocytic activity (for a review, see reference 20). As well, there are multiple transmembrane signals aside from protein-tyrosine phosphorylation which could be involved in phagocytosis, including protein kinase C, protein kinase A, casein kinase II, and as-yet-unidentified serine-threonine protein kinases (20, 51) . Thomas et al. (51) reported that the impairment of Fc receptor-mediated phagocytosis in HIV-1 infected promonocytic cells was associated with an increased accumulation of cyclic AMP which could be relieved by the addition of an inhibitor of cyclic AMP-dependent protein kinase A. Whether EBV uses similar mechanisms to deregulate phagocytosis remains to be established.
In previous studies, we have demonstrated that EBV interacts with premyelomonocytic cell lines, such as U937 and HL-60, as well as with human monocytes and was able to modulate cytokine synthesis (17, 19) . Indeed, upon EBV interaction with these cells, we observed that IL-1 and IL-6 gene transcription was activated, whereas that of TNF-␣ was inhibited. Since TNF-␣ is known to exert antiviral activities, we postulated that the suppression of TNF-␣ release may favor the spread of infection. Knowing that the protein coded by the BARF-1 gene of EBV can neutralize the activity of colony-stimulating factor 1 and block alpha interferon secretion in mononuclear cells (10, 48) , we tested for BARF-1 expression in EBV-infected monocytes. No BARF-1 transcripts could be detected in EBVinfected monocytes which might have accounted for the previously reported TNF-␣ suppression (19) . Taken together, we can postulate that targeting monocytes/macrophages may represent an evolutionary advantage for ensuring propagation and persistence of EBV and other herpesviruses within the host (8, 30, 33, 36) . This was reinforced by another study which presented evidence of EBV replication in macrophages (44) . Cultured macrophages obtained from patients with benign or malignant neoplasms and from healthy donors were kept in culture for several weeks. The authors found EBV genome and detected latent gene expression (EBNA-2 and LMP-1) in those cultures. The presence of EBNA-2 might have facilitated the number of passages performed in vitro and delayed the decrease of cell viability. In our case, EBNA-2 transcripts were always absent in all cultures, which could explain why no cellular growth was observed. The most surprising results from the study by Shimakage et al. (44) is the presence of such latent genes in macrophages from normal tissues and the induction of replicative-associated proteins after treatment with tumor promoter in vitro, indicating that macrophages could be a source for latent infection. Whether macrophages express a higher level of EBV-specific genes than monocytes and whether EBV exists in a different replicative state in macrophages versus monocytes remain to be elucidated. However, this study provides additional indications that monocytes/macrophages may serve as reservoirs of EBV infection.
We have demonstrated that EBV infects, replicates in human monocytes, and significantly reduces the ability of these cells to phagocytose. It was long established that immunosuppression is a key factor for the persistence of EBV within the host. Such effects on monocytes may then contribute to the spread of the virus but also may affect the antigen presentation by reducing incorporation of foreign antigens.
